ABSTRACT
dimethylbenz [a] anthracene (DMBA) and followed by application of 10 jug of okadaic acid twice a week revealed that okadaic acid is a potent additional tumor promoter: tumors developed in 93% of the mice treated with DMBA and okadaic acid by week 16 . In contrast, tumors were found in only one mouse each in the groups treated with DMBA alone or okadaic acid alone. An average of 2.6 tumors per mouse was found in week 30 in the group treated with DMBA and okadaic acid. Unlike phorbol 12-tetradecanoate 13-acetate (TPA), teleocidin, and aplysiatoxin, okadaic acid did not inhibit the specific binding of [3H] TPA to a mouse skin particulate fraction when added up to 100 ,M or activate calcium-activated, phospholipid-dependent protein kinase (protein kinase C) in vitro when added up to 1.2 ,uM. Therefore, the actions of okadaic acid and phorbol ester may be mediated in different ways. These results show that okadaic acid is a non-TPA-type tumor promoter in mouse skin carcinogenesis.
Non-TPA (phorbol 12-tetradecanoate 13-acetate)-type tumor promoters of mouse skin are defined as tumor promoters that do not bind to phorbol ester receptors in cell membranes (1, 2) . Palytoxin and thapsigargin are non-TPA-type tumor promoters (3, 4) . Since these compounds do not activate calcium-activated, phospholipid-dependent protein kinase (protein kinase C) in vitro (3, 4) , non-TPA-type tumor promoters are thought to act through different pathways from TPA-type tumor promoters such as phorbol esters, teleocidin, and aplysiatoxin (1, 2) . Moreover, palytoxin and thapsigargin may act through different pathways in cells, since palytoxin does not induce histidine decarboxylase (HisDCase; L-histidine carboxy-lyase, EC 4.1.1.22) in mouse skin (3) but thapsigargin does (4). These findings also indicate that the actions of these two non-TPA-type tumor promoters might involve different receptors. We wondered whether there might be other non-TPA-type tumor promoters with different actions from palytoxin and thapsigargin and so carried out screening for previously unreported non-TPA-type tumor promoters.
Okadaic acid, a toxic polyether compound, was isolated from a black sponge, Halichondria okadai, and a sponge, Halichondria melanodocia, by Tachibana et al. (5) . Okadaic acid and dinophysistoxin-1 (35-methylokadaic acid; Fig. 1 ) are implicated as causative agents of diarrhetic shellfish poisoning resulting from ingestion of mussels and scallops (6) . Okadaic acid and dinophysistoxin-1 are thought to be synthesized in marine dinoflagellates and to accumulate in marine sponges and the digestive glands of mussels or scallops (7) .
During screening for potential tumor promoters, we found that okadaic acid induces irritation of mouse ear and ornithine decarboxylase (OrnDCase; 3-hydroxyl-L-glutamate 1- Two-Stage Carcinogenesis Experiments. Initiation was carried out by application of 100 ,ug of DMBA in 0.1 ml of acetone to the skin of the back of 8-week-old female CD-1 mice (10). After 1 week, 10 ,ug of okadaic acid in 0.1 ml of acetone was applied to the skin twice a week until week 30. Two control groups were treated with DMBA alone and okadaic acid alone. In addition, a positive control group was treated with DMBA and 2.5 ,ug of teleocidin. Each group consisted of 15 mice, and the numbers of tumors of 1 mm or Abbreviations: DMBA, 7,12-dimethylbenz(a)anthracene; HisDCase, histidine decarboxylase; OrnDCase, ornithine decarboxylase; TPA, phorbol 12-tetradecanoate 13-acetate.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 Activation of Protein Kinase C. Protein kinase C was partially purified from mouse brain by DEAE-cellulose column chromatography (13) . Enzyme activity was expressed as 32p; incorporation into histone H1 from [-32P]ATP as described (14) .
Induction of HL-60 Cell Adhesion. Cell adhesion was determined after incubating cells with a test compound for 48 hr. Details of the assay have been reported (15) .
Irritant Test. Various amounts of okadaic acid were dissolved in 10,ul of acetone and applied to the inside of the ear of female CD-1 mice (Japanese Charles River, Kanagawa, Japan). The extent of irritation was expressed as the ID" value as described (16, 17) . Induction of OrnDCase. Test compounds were dissolved in 0.2 ml of acetone and applied to the skin of the back of mice. OrnDCase activity was determined as reported (15, 18) .
Induction of HisDCase. Compounds in 0.1 ml of acetone were applied to half the back (2 x 2 cm) of mice, and crude enzyme extracts were obtained from the skin 13 hr later, as described (4, 19) . HisDCase activity was expressed as pmol of CO2 released per mg of protein per 1 hr of incubation.
RESULTS
Tumor-Promoting Activity of Okadaic Acid in a Two-Stage Carcinogenesis Experiment. The effect of okadaic acid on tumor formation is illustrated in Fig. 2 . The percentages of tumor-bearing mice in four experimental groups were recorded up to week 30. In the group treated with DMBA and okadaic acid, five tumors were found in 4 of 15 mice in week 5, and the tumor incidence was 93% in week 16. The percentage of tumor-bearing mice decreased slightly after week 17 and was 80.0%o in week 30. In the group treated with DMBA and teleocidin, all mice had tumors in week 15. The average numbers of tumors per mouse in the groups treated with DMBA and okadaic acid and with DMBA and teleocidin were 2.6 and 6.8, respectively. In the groups treated with DMBA alone and okadaic acid alone, the incidences of tumors were each 6.7% (Fig. 2) . 4.3% in the group treated with DMBA plus teleocidin. Thus, okadaic acid and teleocidin showed about the same potencies for production of skin papillomas and carcinomas during 30 weeks of tumor promotion. Since the molar ratio of the applied amounts of teleocidin to okadaic acid was 1:2, the tumor-promoting activity of okadaic acid seems to be nearly that of teleocidin. Okadaic acid is the most potent of the known non-TPA-type tumor promoters in mouse skin.
Comparison of the Biological and Biochemical Effects of Okadaic Acid and Other Non-TPA-Type Tumor Promoters. The specific binding of [3H]TPA to a mouse particulate fraction was not inhibited by okadaic acid at concentrations of up to 100 AM, whereas teleocidin did inhibit this binding (2, 9) (Fig. 3) . Protein kinase C was not activated by Qkadaic acid at concentrations up to 1.2 AM, whereas teleocidin induced phosphorylation of histone H1 by activation of protein kinase C (Fig. 4) (14) . Furthermore, okadaic acid at concentrations up to 25 nM did not induce adhesion of HL-60 cells; at higher concentrations, it had cytotoxic effects on the cells. These three negative biological responses to okadaic acid were also observed with two other non-TPA-type tumor promoters (3, 4) .
Okadaic acid is a skin irritant on mouse ear. The irritant activity of okadaic acid was almost the same as those of two other non-TPA-type tumor promoters. The ID" of okadaic acid was 50 pmol per ear, whereas those of palytoxin and thapsigargin were 8 and 10 pmol per ear, respectively (3, 4, 8) . These results indicate that okadaic acid is a potent skin irritant, like two other non-TPA-type tumor promoters and also TPA-type tumor promoters (1, 2). As we have reported (8) , okadaic acid induces OrnDCase activity in mouse skin in a maximum time of 4 hr after its application, and this induction is strongly inhibited by pretreatment of the skin with 13-cis-retinoic acid. Fig. 5 shows the biphasic dose-response curve for induction of OrnDCase, determined 4 
DISCUSSION
This paper reports the potent tumor promoting activity of okadaic acid in a two-stage mouse skin carcinogenesis experiment. Its effect was compared with those of two other non-TPA-type tumor promoters: okadaic acid was much less toxic to animals than palytoxin (3) and had much higher biochemical activity than thapsigargin (4). Application of 10 ,ug of okadaic acid to the skin of mice induced tumors in 93% of the mice in week 16. Thus, okadaic acid was a stronger non-TPA-type tumor promoter than palytoxin or thapsigargin. The induction of OrnDCase in mouse skin by okadaic acid might be involved in this high tumor-promoting activity. OmDCase activity appears to be required for clonal tumor expansion in mouse epidermis (18) . Table 2 shows a comparison of the biological and biochemical effects of the three non-TPA-type tumor promoters. These three non-TPA-type tumor promoters all had different effects. These differences suggest that these non-TPA-type tumor promoters act on the Okadaic acid and dinophysistoxin-1 are products of marine dinoflagellates (7) , and okadaic acid and its derivatives are widely distributed in marine organisms. There have been many cases of diarrhea due to eating mussels and scallops (7) . Intubation of okadaic acid into the stomach of mice or rats caused diarrhea with accumulation of a large volume of fluid in the stomach, small intestine, and colon (20) . Recently we demonstrated that okadaic acid induced OrnDCase in the glandular stomach of rats 4 hr after its intubation (unpublished results). Okadaic acid and dinophysistoxin-1 might act also as stomach tumor promoters.
Okadaic acid and dinophysistoxin-1 are threats to public health and to the shellfish industry in Japan, Hawaii, Chile, Norway, Holland, and Spain. Methods have been developed for determining the contents of these toxins in marine organisms (7). Hokama et al. (21) reported the development of a Poke Stick Test, which is based on an enzyme immunoassay procedure. This method can be used to detect nanogram levels of okadaic acid. Lee et al. (22) measured the fluorescence intensity of the toxins after their reaction with 9-anthryldiazomethane, a method by which it was possible to detect 1-80 ng of toxins. These methods will be useful in determining the contents of these toxins in daily foods from marine organisms.
The mechanisms of the early actions of TPA-type tumor promoters TPA, teleocidin, and aplysiatoxin are known to (nucleolin) (24) . Studies on the mechanism of action of okadaic acid as an additional non-TPA-type tumor promoter shoqtd be interesting. 
